:' frontiers ‘ Frontiers in Environmental Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Jingli Fan,

China University of Mining and
Technology, China

REVIEWED BY
Mengjing Wang,

City University of Hong Kong, Hong
Kong SAR, China

Rita Yi Man Li,

Hong Kong Shue Yan University, Hong
Kong SAR, China

Arif Watto,

University of Agriculture, Faisalabad,
Pakistan

*CORRESPONDENCE
Yunfeng Li,
806582850@qg.com

SPECIALTY SECTION
This article was submitted to
Environmental Economics and
Management,

a section of the journal

Frontiers in Environmental Science

RECEIVED 07 July 2022
ACCEPTED 22 September 2022
PUBLISHED 17 October 2022

CITATION
Liu W, Li Y and Zhu W (2022),
Evolutionary game analysis of clean
heating governance in rural areas of
Northern China.

Front. Environ. Sci. 10:988353.

doi: 10.3389/fenvs.2022.988353

COPYRIGHT

© 2022 Liu, Li and Zhu. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Environmental Science

TYPE Original Research
PUBLISHED 17 October 2022
Dol 10.3389/fenvs.2022.988353
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The attainment of clean heating in the rural areas of northern China is of great
significance for environmental governance and the realization of the dual
carbon goal. Based on the evolutionary game theory, this study constructs a
three-party evolutionary game model of the central government, local
government, and farmers, introduces key parameters, such as the local
government's governance strength, central government's inspection
strength, and two levels of government subsidy strength, into the model,
systematically deduces different possible strategy combinations of the three
parties, and analyzes the possible scenarios and stability conditions of each
scenario. Finally, the study numerically simulates each scenario and analyzes
the influence of the key parameters on the strategies of the three parties. The
study conclusions are as follows. 1) The system is optimized in Scenario 6 (1,1,0).
2) The strategy of the local government has a decisive influence on farmers, and
the central government’s inspector strength has a weak effect on farmers. 3)
The cost of clean heating over coal-fired heating has a significant effect on farm
households but not on the two levels of government. 4) The low perception that
farmers hold regarding the benefits of the indoor environment weakens the
government's subsidy effect. This study provides effective practical guidance
and policy references for governments to promote clean heating in rural areas.

KEYWORDS

rural areas of Northern China, evolutionary game, clean heating, numerical simulation,
parameter analysis

1 Introduction

Heating by burning coal indoors in the rural areas of northern China not only causes
serious environmental pollution but also poses a significant health hazard (Ren et al,
2017; Finkelman and Tian, 2018; Fan et al., 2020; Chio et al., 2022). Burning indoors
directly causes harmful gas emissions and elevated PM, 5, and the resulting hazards are
even more severe when combustion is inadequate (Liu et al., 2019; Hadeed et al., 2021;
Men et al., 2021). External environmental damage, such as hazy weather, which often
occurs in winter, is caused by coal-fired heating (Zhang et al., 2017; Zhang et al., 2020; Li
et al,, 2021a), and has serious effects on human health and life (Zhao et al., 2013; Sulong
et al., 2017; Yu et al.,, 2019).
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However, burning coal is the primary heating method in
northern China (Wang et al., 2019a). Northern China accounts
for approximately 70% of the area of mainland China, and the
heating area in northern China consists of 14 provinces, in
addition to parts of the south that also need heating (Wang
and Fan, 2020). Approximately 65% of rural households in China
need heating in winter (Duan et al., 2014), and the building area
requiring heating in northern China was approximately 2.06 x
10" m? at the end of 2016 (Yan et al,, 2020). The heating season
in northern China lasts for several months and requires a large
amount of bulk coal (Zhi et al., 2017), consuming approximately
4 x 10° tons/year, mainly in the rural areas, according to the
“Plan for Clean Heating in Northern China in Winter
(2017-2021)” (Yan et al, 2020). Rural areas are remote with
low economic development levels with a scattered residential
distribution, and farmers generally burn coal for independent
heating (Zhang et al., 2021). The use of stoves to burn coal and
directly emit pollution is dozens or even hundreds of times that
of industrial boilers (Zhao et al., 2019a; Oliveira et al., 2019).
According to the 2016 China Heating Stove Report, it is
estimated that approximately 120 million stoves are used in
rural China, 77% of which are conventional stoves with a
thermal efficiency of only 10-30%, The combustion of the
solid fuels in these stoves is usually inadequate, emitting large
amounts of pollutants owing to incomplete combustion,
including CO, CH,; SO,, nitrogen oxides (NOx), and
particulate matter (PM), which are the major sources of air
pollution in China (Roden et al., 2009; Li et al., 2016; Zhao et al.,
2020). The emissions of sulfur dioxide (SO,), nitrogen oxides
(NOx), and particulate matter (PM) from the combustion of one
ton of coal have been determined to be approximately 7 kg, 20 kg,
and 3.6 kg, respectively (Cong et al., 2018). Long-term exposure
to combustion-generated pollutants indoors can cause health
disorders in humans (Pinault, 2017). Therefore, energy reform
for northern China is necessary.

Various government departments proposed the “Plan for
Clean Heating in Northern China in Winter (2017-2021),”
which aimed to significantly improve the level of clean
heating in northern China and reduce air pollutants.
According to the plan, the percentage of clean heating areas
in northern China should reach 70% (Zhang et al., 2019).
However, surveys have indicated that only 30% of farmers in
northern China used clean heating in 2018 (Zhu et al., 2020),
making it difficult to achieve this goal. Clean heating mainly
refers to the change from burning coal for heating to natural gas
or electrical energy (Zhao et al., 2019b). Clean heating requires
the re-installation of heating equipment and the purchase of new
energy, which is more expensive than coal heating, leading to the
farmers rejecting the change. Studies have indicated that the high
cost of clean heating is a critical factor that causes the farmers’
non-cooperation (Yan et al., 2020; Jing et al., 2021). According to
media reports, some farmers still use coal for heating even after
receiving government subsidies. Farmers are unwilling to bear
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the high costs of clean heating, and local governments have failed
to fully implement the policies and have not taken targeted
measures based on the bearing capacity of farmers and the
actual local circumstances. The heating equipment purchased
for farmers with the subsidies could not provide sufficient
heating, resulting in the farmers continuing to use coal (Liu
et al., 2022).

Clean heating governance

requires substantial local

government resources. In the context of Chinese-style
decentralization, local governments are faced with a GDP-
based performance assessment mechanism, which makes them
more inclined to spend their limited resources on economic
development and neglect environmental governance (Xia et al.,
2022a; Xia et al., 2022b). Therefore, local governments may adopt
undesirable governance methods regarding heating problems.
Because of the dilemma of “policies above and countermeasures
below,” it is of great significance to study the evolutionary game
mechanism among the central government, local governments,
and farmers in the process of policy implementation, to
determine the focus of policy implementation and provide
scientific guidance for promoting clean heating in rural areas
in northern China.

Available studies on clean rural heating have mainly focused
on the key influencing factors and the effects of clean heating in
farm households.

1) Factors clean and

influencing heating

policy
recommendations. Wang et al. (2019b) analyzed the data
from a survey of 1,030 rural households in 136 villages in Hebi
City and noted that electric heating was the most accepted of
the many clean heating measures, and that income, heating
area, energy costs, and education significantly influenced the
farmers‘ willingness to use clean heating. Xie et al. (2021)
demonstrated that the total annual willingness to pay for
clean heating varied widely from ¥250 to ¥6800, which was
to higher household
environmental concerns and decreased with the aging

increased owing incomes and
population and vacancy rate of the houses. Gong et al
(2020) determined via a survey that financial subsidies can
significantly promote the adoption of clean heating by
farmers, producing the highest satisfaction rate for electric
heating. Li et al. (2021b) constructed a subsidy model for
clean heating using survey data from 1,298 farm households,
studied the optimal subsidy criteria, and determined that the
focus should be on subsidies for low-income households. Liu
et al. (2022) collected data from residents of the Fen-wei
Plain in China via a questionnaire to investigate whether
different types of livelihood capital affect the rural
residents’ acceptance of clean heating equipment and
found that both the perceptual factors and livelihood
capital and that farmers
preferred air-source heat pumps, regardless of their

were significant factors

income levels.
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2) Analysis of the effects of clean heating. Feng et al. (2021)
estimated the economic costs of the government and residents
through a double difference model, and the study determined
that the government and residents accounted for 44% and
56% of the total costs, respectively. In terms of benefits, the
clean heating project was effective in air pollution control,
providing health benefits worth 109.85 billion yuan. Wang
et al. (2022) used the double-difference method to examine
the effect of implementing the clean heating policy and
demonstrated that the air pollution level decreased by
46.6% in winter after the implementation of the policy. Li
et al. (2020) indicated that the “coal-to-gas” project reduced
environmental pollution by approximately 50% and

significantly reduced particulate matter emissions but

increased the total economic cost by approximately 80%.

Existing studies have played a key role in understanding and
promoting clean heating in rural areas; however, there are still
shortcomings. First, there is a lack of research on the governance
of rural clean heating treatment in northern China from the
perspective of evolutionary games. Second, no research has
included the central government, local governments, and
farmers in the same framework for analysis, and the existing
literature lacks research on the impact of the activity intensity
and reward and punishment intensity of the central and local
governments on the system evolution period. Therefore, in the
context of Chinese-style decentralization, this study adopts the
evolutionary game research method to construct a three-way
evolutionary game model including the central government, local
governments, and farmers, and explores the policy tools for the
central government to control local governments and farmers
promote clean heating to provide policy suggestions for its
governance. The remainder of this paper is arranged as
follows: Section 2 provides the model assumptions based on
practical problems, Section 3 solves and analyzes the model,
Section 4 analyzes each situation in the simulation, Section 5
presents the parameter sensitivity analysis, and Section 6
provides the conclusions.

2 Model assumptions and
construction

The evolutionary game theory originated from biological
evolution. It is an innovative theory that combines game theory
with a dynamic evolutionary process and has successfully explained
certain phenomena in the process of biological evolution. In contrast
to traditional game theory, evolutionary game theory emphasizes a
dynamic equilibrium, which not only focuses on the stable structure
of the game but also studies the relationship between the stable
structure of the game system and the evolution process by
dynamic The
evolutionary game model is primarily based on two aspects:

introducing  different mechanisms. general
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selection and mutation. Choice means that a strategy that leads to
a higher payment will be adopted by more participants in the future,
which is a process of trial and error as well as a process of learning
and imitation, requiring continuous adaptation and improvement.

In the process of clean heating governance in northern rural
areas, the main subjects include the central government, local
the
implementation, the three parties will generate game behavior,

government, and farmers. In process of policy
with all three parties seeking to maximize their interests. Because
of the government’s initiative, farmers pursue their interest in the
choice of heating methods and may continue to use coal-fired
heating methods. Under China’s decentralized system, local
governments have greater autonomy and may adopt a passive
governance strategy because of the cost of governance and the
information asymmetry between the two levels of government.
The central government, as a delegate of the local government,
receives asymmetric information and cannot fully control the
behavior of the local government. The three parties are finitely
rational, and the three game participants are not able to take the
optimal strategy at the beginning, but improve their strategies
through learning. Based on the premise of the evolutionary game
theory construction, this study analyzes the problem of

promoting clean heating in northern China.

2.1 Model assumptions

Hypothesis 1: Based on public opinion on clean heating and
the government’s initiative, farmers have two strategies to choose
from: the “cooperation” strategy and the “no cooperation”
strategy. When farmers adopt the “cooperation” strategy, they
will respond to the national call to adopt the clean heating
method; when they adopt the “no cooperation” strategy, they
will continue to use the coal-fired heating method. When the
probability of farmers adopting the “cooperation” strategy is x,
the probability of adopting the “no cooperation” strategy is 1-x,
x€[0,1]. The local government also has two choices of strategy,
namely “active governance” and “passive governance,” and the
probability of choosing “passive governance” is y, and that of
choosing the “passive governance” strategy is 1-y, y€[0,1]. The
central government’s strategies are “strict supervision” and “lax
supervision,” with the probability of the central government
choosing the “strict supervision” strategy of z, and that of
choosing the “lax supervision” strategy is 1-z, z€[0,1].

Hypothesis 2: The cost of clean heating over coal-fired
heating is A. Whether the central government adopts the
“strict supervision” strategy, the local government is entrusted
with subsidies A with a subsidy ratio of A;. When the local
government adopts the “active governance” strategy, local
finance will also bear a certain proportion of Ay
simultaneously, the local government will also the pay
supervision cost C;. When farmers adopt the “cooperation”
strategy, they can obtain heating income R, and indoor
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TABLE 1 Meaning of parameters.

10.3389/fenvs.2022.988353

parameters Meaning

C, The cost of monitoring when local governments choose “active governance”

a Enforcement efforts when local governments choose “passive governance”

aCy Implementation costs when local governments choose “passive governance”

R, Environmental gains from clean heating for farmers

F Local government penalties for farmers

Ay The proportion of local government’s share (0 <A,<1)

u Probability of local government finding farm households uncooperative

C, Cost of central government inspection

B The intensity of supervision when the central government chooses to be lenient in its supervision
BC, The cost of supervision when the central government chooses negative supervision

A Central government subsidy ratio. (0 <\; <1)

¢ The probability that the central government finds negative governance by local governments.
P Fines imposed by the central government on local governments.

y Coefficient of influence of local ecological environment on domestic ecological environment
Cs Cost of coal-fired heating

Cy Cost of clean heating(C, > C5Cy= C5+A)

A The difference between the cost of clean heating and the cost of coal-fired heating

R; Farmers* perceptions of indoor environmental benefits from clean heating

R, Temperature gain

environment income R;, the local government can obtain
atmospheric environment income R;, and the central
government can obtain environmental income yR;. y is the
coefficient of influence of the local ecological environment for
the entire country. When the local government adopts the
strategy of “passive governance,” farmers cannot obtain
financial subsidies from the local and central governments.
Suppose that when the local government adopts the “passive
governance” strategy, the enforcement intensity of the local
government is a, and the probability of the local government
finding that farmers do not cooperate is y. Local governments
punish farmers when they are uncooperative. When the central
government adopts the strategy of “strict supervision,” it pays the
supervision cost C,. When the “lax supervision” strategy is
adopted, the intensity of supervision is f3, and the probability
of finding a negative attitude of the local government is (.
Relevant parameters and meanings are shown in Table 1.

2.2 Benefits for all parties when the central
government adopts the “strict
supervision” strategy

2.2.1 When the local government chooses the
"active governance” strategy and the farmers
choose the “cooperation” strategy

Farmers can benefit from heating, indoor environmental
benefits, and subsidies from both levels of government;

Frontiers in Environmental Science

however, they also need to pay higher costs than with coal-
fired heating methods. Therefore, their return is R, + R3 —C; —
(I = A — A)A. The local government can benefit from
environmental improvement, but it needs to pay the costs of
regulation and subsidies to farmers, and the return of the local
government is R, — C; — A,A. The central government can obtain
environmental benefits, but it needs to pay the costs of
supervision and subsidies to farmers. Thus, the return of the
central government is yR; — C, — A4A.

2.2.2 When the local government chooses the
“active governance” strategy and the farmers
choose the “no cooperation” strategy.

When farmers choose the “no cooperation” strategy, they
receive the heating benefit and pay the cost of coal-fired heating
and the penalty of the local government, so the farmers’ return is
R, — C;5 — F. The local government pays the cost of supervision in
“active governance,” so the return of the local government
is —C;+F+M\A. The return of the central government
is —C, — MA.

2.2.3 When local governments choose the
“passive governance” strategy and farmers
choose the “cooperation” strategy

Farmers gain from the heating and environmental benefits
and pay the cost of clean heating, so their gain is Ry+R; — C3 — A.
The local government does not subsidize farmers but pays the
supervision cost of “passive governance,” so the local

frontiersin.org
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Cooperation /' No cooperation Cooperatigh No co

(1,1,0)

(1,1,1) (1,0,1)

FIGURE 1
Multi-agent expected game model of clean heating governance.

government’s return is —C;+F+A\;A. The central government
gains the environmental benefits and penalties from the local
government and pays the cost of strict inspections. Thus, the
return of the central government is yR1 — C2 + P.

2.2.4 When the local governments choose the
“passive governance” strategy and farmers
choose the “no cooperation” strategy

The farmer’s benefit is the heating benefit, paying the cost of
coal-fired heating and the penalty from the local government.
Thus, the farmer’s return is R, — C5 — yF. The local governments
receive benefits from the penalties imposed on farmers, while
paying the governance costs and penalties from the central
government, with a return to local governments of —aC; - P
+ uF. The central government gained C, + P.

2.3 Benefits for all parties when the central
government adopts the “lax supervision
“strategy

2.3.1 When the local government chooses the
“active governance” strategy and the farmers
choose the “cooperation” strategy

The farmers receive the heating and indoor environmental
benefits and subsidies from both levels of government, but also
have to pay higher costs than with the coal-fired heating method.

Frontiers in Environmental Science
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governance

Cooperation
No cooperation

No.cooperation

(0,0,0)

(0,0,1)

0,1,1) (0,1,0)

Thus, the farmer’s return is R, + R3 — C3 = (1 = A\; = A\,)A. The
local government can benefit from environmental improvement,
but it needs to pay the costs of regulation and subsidies to
farmers, and the return of the local government is R; — C; —
A\2A. The central government can obtain environmental benefits
but must pay the cost of “lax supervision” and subsidies to
farmers. For this scenario, the central government’s return is
yR, — BCy — M A.

2.3.2 When the local government chooses the
strategy of “active governance” and the farmers
choose the strategy of “no cooperation.”

The farmers only receive the heating benefits but must pay
the cost of coal-fired heating and the penalty of the local
government. Thus, the return for farmers is R, — C; — F. The
local government pays the cost of supervision for “active
governance,” so their benefit is —C;+F+\;. The return to the
central government is —C, — A;.

2.3.3 When local governments choose a “passive
governance” strategy and farmers choose a
“cooperation” cooperative strategy

The farmer gains heating and indoor environmental benefits
but pays the cost of clean heating, at which point the farmer’s
return is R, + R3; — C; — A. The local governments gain
environmental benefits and subsidy funds from the central
government and pay the monitoring costs for “passive

frontiersin.org
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TABLE 2 Revenue matrix.

Gaming party

Strict supervision (z)

Local-
Government

Farmers  Cooperation x Active governance y

Passive governance
Ly

No cooperation Active Governance y

1-x .
Passive governance

Ly

governance” and penalties from the central government, so the
return of the local governments is R; — aC; + (1 — {) A\1A = { P.
The return of the central government is yR; — fC, — (1 — Q) M;A
+ (P.

2.3.4 When the local governments choose the
“passive governance” strategy and farmers
choose the “no cooperation” strategy

Farmers receive heating income and pay the cost of coal
heating and penalties from the local government. The return for
the farmers is R, — C5 — uF. The local government receives the
allocation from the central government and the penalty fees from
farmers and pays the supervision cost of negative governance and
the penalty fee from the central government. The local
government’s return is —aCi+ (1 — () MA — { P + py F. The
the
governments, pays the cost of special funds and “lax
supervision,” and receives —fC, — (1 ={)\\A + ( P.

central government receives penalties from local

Based on the above assumptions, from the different strategies
of each stakeholder, eight combinations were obtained in this
study, as shown in Figure 1. The tripartite benefit matrix is
presented in Table 2.

3 Model solution and analysis

3.1 Mean dynamic replication equation
construction for a three-party game

Based on the returns listed in Table 2, we could construct the
expectation function of the game subjects and solve for the
strategy stabilization point. Variables U;; and Uj, represent
the the the
“cooperation” and “no cooperation” strategies, respectively,

expected returns for farmers choosing

and U3 represents the average expected returns for the farmers.
3.1.1 Expected return functions for farmers

When the farmers choose the “cooperation” strategy, the
expected return is:

Frontiers in Environmental Science
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Central government

Lax supervision (1-z)
Ro+ R3-C3-(1-A-A2)A5 Ry- Ci-MoA; yR-BC-MA

Rot+ R3-C3-A; Ri-aCi+(1-0) MA-L P; yRy-BCy-(1-
OMA+(P

Ry-C5-F; -Ci+F+MA; - BC-MA

Ry-Cs-pF; -aCi+(1-0) MA-C P+uF; -BCy-(1-
OMA+C

U =yz[Ry+R3 = C3— (1 -4 = L)A] + y(1 - 2)[R, + Ry

“C3= (1=h = )Al+ (1= y)z(Ry + Ry = C3 = A)
+(1=y)(1-2)(R + Ry = C5 = A)

:R2+R3—C3—A+y(A1+A2)A (1)

When farmers choose the “no corporation “strategy, the
expected return is:
U12 = yZ(RZ —C3 —F)+y(1 _Z)(RZ —C3 —F)+ (1 —)/)Z
(R2 —C3 —!JF) + (1 —y)(l _Z)(RZ _C3 _AHF)

=R, -C;—uF+y(uF-F) @
The average expected return for the farmers is:
Uiz =xUy + (1 -x)Up, (3

The average replication dynamics equation for farmers can
be obtained as:

dx
F(x) = ar =x(Un -U)

=x(1-x){(Rs = A+uF)+ y[ (M +1)A+ F —uF]} (4)

3.1.2 Local governments’ expected return
function

Variables U,, and U,, represent the expected benefits for
local governments choosing the “active governance” and “passive
governance” strategies, respectively, and U,; represents the
average expected benefits for the local governments.

When the local government chooses the “active governance”
strategy, the expected return is:

U21 = XZ(RI —C1 —AzA)‘Fx(l —Z)(R1 —C1 —AzA)

+(1-x)z(-C;+F+AMA)+ (1-x)(1-2)(-C, + F+ A7)
=F-Ci+AMA+x(-F+ R - AL A-LA)
5)

When the
governance” strategy, the expected return is

local government chooses the “passive

frontiersin.org
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Uzz :xZ(Rl —acl —P)+X(I—Z)[R1 —OCC1 + (l—z)AlA

—{P]+ (1-x)z(-aC, —P+pF)+ (1-x)(1-2)[ — aC,
+ (1= OMA- (P + uF]
(6)

The average expected return for the local government is:

Uy = yUy + (1 - y)Uzz (7)

The average replication dynamics equation for the local
government can be obtained as:

d
F(y) =5 =y(1=y)| (1= W)F + P~ Ci + aCy + A,

+x(—F+F!A—M1—M2)+ Z(P—P(‘f'AIA—(/\lA)] (8)

3.1.3 The central government’s expected return
function.

The variables Us; and Us, represent the expected benefits
for the central government choosing the “active inspector”
and “negative inspector” strategies, respectively, and Us;
represents the average expected benefits for the central
government.

When the
supervision” strategy, the expected return is:

central government chooses the “strict

U31 =xy(R1 —C1 —AzA)+x(1 —y)(le —C2 +P)
+(1=-x)y(-C, =LA+ (1-x)(1-y)(-C,+P) (9)

When the central government chooses the “lax supervision”
strategy, the expected return is:

Us, = xy (YR = BC, = LA) + x(1 ~ y) (yRy - BC,
—1-OMA+{P)+ (1-x)y(-BCi-MA)+ (1-x)(1-y)
(=BCy - (1-OMA+(P) (10)

The average expected return for the central government is:

Uss = 2Us + (1 -2)Us (11)

The average replication dynamics equation for the central
government can be obtained as:
F(Z) = Z(l —Z)[Xy(Rl - le —Mz +C2 +M1 —Cl)
+y((P—M1+A(A1—P) +P—P(—C2+ﬂC2+M1—A(AI]
(12)

From Eqs 1, 8, 12, the set of replication dynamics equations
for the three-way strategy can be obtained as follows:

F(y)=y(1-y)[F+P{~Fu-C, +aC; +AlA; +x(—F+Fu—AL —AL) +z(P—-P{+1,A- (), 4)]
F(2)=2(1-2)[xy(Ri —yRi =Ak; + Cy + ANy =Cy) + y ((P= A, + AN = P) + P~ P{~Cy + BC, + AN, — ALA |

(13)

{ F(9) =x(1=0{ (R =A+uF) + y[ (A +1)A+F—uF]}
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3.2 Evolutionary stabilization strategy
solution based on replicated dynamics
equations

With F(x) = 0, F(y) = 0, and F(z) = 0, the system has nine
solutions: M1(0,0,0), M2(1,0,1), M3(0,1,0), M4(0,0,1), E5(1,1,0),
E6(1,0,1), E7(0,1,1), E8(1,1,1), and E9(x*,y*,2*), only when x*, y*,
z¥ satisfy {x*, y*¥,2*[0 <x* < 1,0 < y* < 1,0 < 2* < 1},in which:

(F= Bt A +1)( =P+ PU+Co s =My + A0k - (A‘F“‘R3)(‘P+P(‘A+Aal)>

F—Fu+A( +1y)
(A=Fu—R,)(=C, +C, +R, —yR, + AL, - AL;)

Xk =

P
(M + M)A+ F-uF
(Frurady +A0;) (=14 B)Co (F(=1+p) = Ah - Aky)
+(-140) (Prady) (F-a+ Ry + ALy +AD,))
(A—Fu-R3)(~C, +C, + Ry —yR, + Ak, — Ak,
(=140 (P+ALy)

—F—P{+Fu+C,—aC; -A{\ +

zHk=

(14)

The nine equilibrium points derived from the replicated
dynamic equations above are not exactly the evolutionary
stability strategy of the system. According to the method
proposed by Friedman, the evolutionary stability of a system
is derived from the local stability analysis of the Jacobi matrix
system. For this purpose, the constructed Jacobi matrix is:

9F (x) 9F(x) 9F(x)
o oy oz
_|9F() 9F(y) oF(y)
o oy oz
9F(2) 9F(2) OF(2)
o oy oz
(1=2x){(Rs = A+ uF)
+y[ (A A)A - uF + FI}

x(1=x)[ (4 +X;)A~ uF + F] [
(1=2y)[F + P{~Fu=Cy +aCy + 40N
+x(~F+ Fu— Al - ML)+
2(P-P{+ MA-(N2)]
z(1-2)[x (R, —yR, = A, +C, + A4, - Cy)
+(P= A, + 40N - P)

_ | y(1=p) (- F+Fu-a) - AL) y(1=y)z(P =P+ M A= ()i4)

(15)
(1-22)[xy (R = yRi = Ak, +Cot

Ay =Ci)+ y({P = My + AL - P)

+P = P{~C; + fC, + AL, - AL ]

2(1-2)y(Ri — )R — Aot
G +8h -C1)

Substituting M(0,0,0) into the equilibrium solution of the Jacobi
matrix yields:

Ry—A+uF 0 0
0 (1-u)F+P{+A0L - (1-a)Cy 0
0 0 (17()P*(1*ﬁ)C2+(17()A1A

By analogy, the eigenvalues of each equilibrium point can be
obtained by substituting the other points, as shown in Table 3.

The equilibrium points of the replica dynamics equations are
not evolutionarily stable points but need to satisfy I'1; <0, I’5; <0,
and I'3; < 0. The values of the eight local equilibrium points at I',
I, and I's; were obtained by solving the Jacobi matrix, as shown
in Table 3. The eigenvalues of the equilibrium points (x*, y*, and
z¥) were equal to 0. Therefore, this point was not stable and is not
discussed below. From Table 3, I';; of M4(0,1,1) is 0. Therefore,
M4(0,1,1) could not be asymptotically stable. Next, we performed
a stability analysis of the remaining seven points.

Scenario 1:  WhenR; + uF <A, (1 -u)F +P{+AlA -
(1-a)C; <0, and [(1-0P- (1-B)Co+ (1-OMA]<O, as
shown in Table 4, the system has the unique equilibrium
point of (0, 0, 0), and the stabilization strategies are “lax
supervision” for the central government, “passive governance”
for the local governments, and “no cooperation” for the farmers;
with this scenario, the system produces the worst outcome.
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TABLE 3 Eigenvalues of the equilibrium points.

Equilibrium point Eigenvalue

Fll
M1(0,0,0) Ry —A+uF
M2(0,0,1) Ry —A+uF
M3(0,1,0) Ry— (1= - L)A+F
M4(0,1,1) Ri— (1= -AM)A+F
M5(1,0,0) —(R; — A+ uF)
M6(1,0,1) ~(Rs — A+ yF)
M7(1,1,0) ~[Rs = (1= A = )A+F]
M8(1,1,1) ~[Rs — (1= A —)A+F]

FZI

(1=wF +P{+AfL - (1-a)Cy
1-wWF-(1-a)C; +P+MA

—[(1 = @F + P{+ Al — (1 - a)Cy]
-[(1-wF-(1-a)Cy +P+MA]
[P{— (1 -a)Cy + AL — ALy — ALs]
-(1-a)C; -AM +P

—[P{ - (1-a)Cy + Al — ALy — Ady]
-[-(1-a)C, — AL + P]

10.3389/fenvs.2022.988353

r31

[(1-0P - (1-PC,+ (1-DMA]
~[(1=-0P - (1-PC; + (1-DMA]
-(1-B)C,

(1-P)C,

[(1-0P - (1-PC,+ (1-DhA]
“[1=-0P - (1-PC; + (1-DhA]
[(L=p)Ry = (4 =)A= Cy + BCy]
—[(1=p)R; = (A2 =)A= Cy + pC,]

TABLE 4 Stability analysis of equilibrium points for scenarios 1-3.

Equilibrium point Scenario 1 Scenario 2 Scenario 3

I'n Iy I, Stability I'n Iy I's, Stability I'n I Iy Stability
M1(0,0,0) - - - ESS - + + Unstable point + + + Saddle point
M2(0,0,1) - + + Unstable point - - - ESS + + + Saddle point
M3(0,1,0) + + - Unstable point + + - Unstable point - - - ESS
M4(0,1,1) + + + Unstable point + + + Unstable point - - + Unstable point
M5(1,0,0) + + + Unstable point + + + Unstable point + + + Saddle point
M6(1,0,1) + + + Unstable point + + + Unstable point + + + Saddle point
M7(1,1,0) + + + Saddle point + + + Saddle point + + + Unstable point
M8(1,1,1) + + + Saddle point + + + Saddle point + + + Unstable point

Scenario 2: When R; + uF <A, (1 -p)F - (1 - a)Cy + P+
MA<O, -[(1-0P-(1-PCr+ (1 -OMA]<0, as
shown in Table 4, the system has the unique equilibrium

and

point of (0,0,1), and the stabilization strategies are “no

» o«

cooperation,” “passive governance,” and “strict supervision”
for the farmers, local governments, and central government,
respectively.

Scenario 3: When R3 — (1 -1, —A,)A+ F<0, —-[(1 - wF +
P+ AlA; = (1 - a)Cy] <0, and —(1 — B)C, <0, the system has
the unique equilibrium point of (0,1,0), as shown in Table 4. The
stabilization strategies are “no cooperation,” “active governance,”
and “lax supervision” for the farmers, local governments, and
central government, respectively.

Scenario 4: When —(R; —A+puF)<0, [P{- (1-a)Ci+
ACA = AL - Al <0, and [(1-0P - (1-B)Cot+ (1-0hA]
<0, as shown in Table 5, the system has the unique
equilibrium point of (1,0,0). The stabilization strategies are
“cooperation,” “passive governance,” and “lax supervision” for
the farmers, local governments, and central government,
respectively.
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Scenario 5: When —(R; — A+ uF) <0, —(1 - a)C; — AL, + P
<0,and —=[(1-{)P- (1 -B)Cy + (1 = Y)A;A] <0, as shown in
Table 5, the system has the unique equilibrium point of (1,0,1).
The
governance,” and “strict supervision” for the farmers, local

stabilization ~strategies are “cooperation,” “passive
governments, and central government, respectively.

Scenario 6: When —[R3— (1 =X —A)A+F]<0,
—[P{- (1-a)C, +AlA; — AL —AL] <0, and  [(1 - p)R;-
(A2 —M)A-Cy +BC,] <0, as shown in Table 5, the system
has the unique equilibrium point at (1,1,0), the stabilization
strategies are “cooperation,” “active governance,” and “lax
inspector” for the farmers, local governments, and central
government, respectively.

Scenario 7: When —[R3— (1 -1, —A)A+ F] <0,
-[-(1-a)C; — AL, + P] <0, and—[(1 - p)R; — (A2 —A)A
—C; +BC;] <0, the system has the unique equilibrium point
of (1,1,1) as shown in Table 5, where the stabilization strategies

» «

are “cooperation,” “active governance,” and “strict supervision”
for the farmers, local governments, and central government,

respectively.
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TABLE 5 Stability analysis of equilibrium points for Scenarios 4-7

Equilibrium  Scenario 4 Scenario 5
Iy, I, TI5 Stability Iy, Iy I3

M1(0,0,0) + + - UP + + +
M2(0,0,1) + + + UP + + +
M3(0,1,0) + + - SP + +
M4(0,1,1) + + + UP + + +
M5(1,0,0) - - - ESS - + +
M6(1,0,1) - + + UP - - -
M7(1,1,0) + + + UP + + +
M8(1,1,1) + + + SP + + +

Notes: UP means Unstable point; SP means Saddle Point.

4 Simulation

To verify the above scenarios and analyze them in more
detail, MATLAB was used to simulate the above scenarios.
Notably, some of the parameters were abstract, and it was not
convenient to assign values to them with reference to the
examples, while the parameters were primarily used to reflect
the relationships between the function variables and did not
affect the simulation results when the basic assumptions were
met. The specific parameter values did not represent the actual
quantities but reflected the magnitude of the correlation between
the parameters. Therefore, these parameters could be used to
analyze the analytical evolution results and generalize the
conclusions. The initial values of the system were set as follows:

C, «
90

R,
100

c B A ¢ P y A F
80 0.2

Ahoou

02 05 05 03

4.1 Scenario 1

The initial values of x, y, and z were taken in steps of 0.2 from
0.1 to 0.9. The phase diagram of the system evolution is shown in
Figure 2A, where the initial values of x, y, and z are 0.2. The
strategy evolution results of the three-game players are shown in
Figure 2B. For this scenario, the system has the unique
equilibrium point of (0,0,0), and the simulation results are
consistent with the theoretical derivation results. As can be
seen from Figure 2A, x, y, and z eventually converge to zero
when taking different values, that is, farmers eventually adopt the
strategy of “no cooperation,” and local governments adopt the
strategy of “passive governance,” and the central government
adopts the strategy of “lax supervision.” In this scenario, because
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Scenario 6 Scenario 7

Stability Iy, I, Is; Stability Iy, I, I3 Stability
UP + + + SP + + + SP

UP + + + SP + + + SP

SP + + + Up + + + Up

Sp + + + uUpP + + + uUpP

Sp + + + UpP + + + Sp

ESS + + + Sp + + + 9

Sp - - - ESS + + UpP

UP - + + UP - - ESS

09

the local government adopts the “passive governance” strategy,
farmers cannot obtain subsidies from the two levels of
government and are unwilling to incur the costs required to
obtain the indoor environmental benefits. When the central
government adopts the “lax supervision” strategy, the benefits
of the local government’s “passive governance” strategy are
higher than those of the “positive management” strategy. The
local government adopts the “passive governance” strategy owing
to the balance of interests. The benefits of the “strict inspection”
strategy are not enough to compensate for the costs incurred, so
the central government adopts the “lax supervision” strategy.
Figure 2B clearly shows the evolution time and reaction speed of
the strategies of the three gameplayers in this scenario. As shown
in Figure 2B, the local government converges to zero first, while
the central government converges the slowest, indicating that the
local government is the first to respond to the benefits and costs,
while the central government’s response lags.

4.2 Scenario 2

The initial values of x, y, and z were taken in steps of 0.2, from
0.1 to 0.9. The phase diagram of the system evolution is shown in
Figure 3A, where the initial values of x, y, and z are taken as 0.2.
The strategy evolution results of the three-game players are
shown in Figure 3B. In this scenario, the system has the
unique equilibrium point of (0,0,1), and the simulation results
are consistent with the theoretical derivation results. As can be
seen from Figure 3A, when x, y, and z take different values
respectively, x and y eventually converge to 0 and z converges to
1; that is, the farmers eventually adopt the strategy of “no
cooperation,” local governments adopt the strategy of “passive
governance,” and the central government adopts the strategy of
“strict supervision.” In this scenario, when the central
government adopts the “strict supervision” strategy, it can
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FIGURE 2

Simulation results of Scenario 1 evolution. (A) The three-dimensional phase diagram, which can show the evolution situation more clearly, and
(B) The two-dimensional diagram, which can show the sensitivity of the game subject to the income more clearly.
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FIGURE 3

Simulation results of Scenario 2 evolution. (A) The three-dimensional phase diagram, which can show the evolution situation more clearly, and
(B) The two-dimensional diagram, which can show the sensitivity of the game subject to the income more clearly.
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avoid the loss of central government funds and deter the inaction
of local governments, although it does not have an effect on the
farmers. For local governments, the “active governance” strategy
entails higher monitoring costs, less effective management, and
lower environmental benefits, so local governments adopt the
“passive governance” strategy. The benefits of the “cooperation”
strategy are lower than the related costs, and when the local
government adopts the “passive governance” strategy, farmers
must bear the costs related to improving the indoor environment
alone, so they are less willing to pay. Figure 3B clearly shows the
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evolution time and reaction speed of the strategies of the three
gameplayers in this scenario. As can be seen from the figure, the
local government converges to zero first, and its strategy
adjustment speed is the fastest. The central government takes
the longest time to converge, while the response speed of farmers
is between that of the central and local governments. This
indicates that local governments are the most sensitive to
revenue, while the central government is relatively slow to
respond and takes the longest time to adjust the strategy. This
is consistent with reality. Under the existing assessment
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FIGURE 4
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Simulation results of Scenario 3 evolution. (A) The three-dimensional phase diagram, which can show the evolution situation more clearly, and
(B) The two-dimensional diagram, which can show the sensitivity of the game subject to the income more clearly.

mechanism in China, local governments respond quickly to the
policies of higher governments and choose more flexible
strategies. However, the central government is slow to obtain
local information, and it takes more time for it to adjust its
strategy.

4.3 Scenario 3

The initial values of x, y, and z were taken in steps of 0.2 from
0.1 to 0.9. The phase diagram of the system evolution is shown in
Figure 4A, where the initial values of x, y, and z are 0.2. The
strategy evolution results of the three-game players are shown in
Figure 4B. For this scenario, the system has the unique
equilibrium point of (0,1,0), and the simulation results are
consistent with the theoretical derivation results. As shown in
Figure 4A, when x, y, and z take different values, x and z
eventually converge to 0 and y to 1, that is, farmers eventually
adopt the strategy of “no cooperation,” and the central
government adopts the strategy of “lax supervision,” and the
local government adopts the strategy of “active governance.” In
this case, although the local government adopts the “active
governance” strategy, farmers can obtain subsidies from the
two levels of local government, but the benefits obtained by
farmers adopting the “cooperation” strategy are still lower than
the incurred costs. In other words, under the government’s
subsidy mechanism, farmers are still unwilling to bear the
high cost of clean heating. Therefore, even when the local
government adopts the “active governance” strategy, farmers
still adopt the “no cooperation” strategy. The reason for this
situation may be related to farmers perceptions of the benefits of
the internal environment. In this case, the central government
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adopts the strategy of “lax supervision,” but the local government
will face severe punishment when the central government
discovers that the local government adopts the strategy of
“passive governance,” so the local government chooses the
strategy of “active governance.” Figure 4B clearly shows the
evolution time and reaction speed of the strategies of the
three gameplayers in this scenario. It can be seen from
Figure 4B that local governments have the fastest convergence
speed, while farmers have a slower convergence speed. Under the
assessment mechanism of the central government, local
governments respond quickly and adopt the strategy of “active
governance.” When the local governments take control
measures, at first, some farmers adopt the “cooperation”
strategy, and most of them remain in a wait-and-see state.
However, farmers initially adopt the “cooperation” strategy
with a low return, so it eventually evolved into the “no
cooperation” strategy.

4.4 Scenario 4

The initial values of x, y, and z were taken in steps of 0.2 from
0.1 to 0.9. The phase diagram of the system evolution is shown in
Figure 5A, where the initial values of x, y, and z are 0.2, and the
strategy evolution results of the three-game players are shown in
Figure 5B, where the system has the unique equilibrium point of
(1,0,0), and the simulation results are consistent with the
theoretical derivation results. As can be seen from Figure 5A,
when x, y, and z take different values, y and z eventually converge
to 0 and x converges to 1, that is, the farmers eventually adopt the
“cooperation” strategy, the central government adopts the “lax
supervision” strategy, and the local government adopts the
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FIGURE 5
Simulation results of Scenario 4 evolution. (A) The three-dimensional phase diagram, which can show the evolution situation more clearly, and
(B) The two-dimensional diagram, which can show the sensitivity of the game subject to the income more clearly.

“active governance” strategy. In this situation, the central
government adopts the strategy of “lax supervision” and the
local government adopts the strategy of “passive governance,”
but the farmers actively responded to the call of the government
and adopted the strategy of “cooperation.” The results indicate
that under government regulation, the return of farmers
adopting the “cooperation” strategy is higher than that of the
“no cooperation” strategy, so farmers are willing to pay the cost of
clean heating. However, with this scenario, the farmers bear the
cost of clean heating alone, leading to a heavy burden. The
farmers choosing the “cooperation” strategy may be related to the
penalties imposed by the local government, which is not
expected. In this case, when the central government adopted
the “lax supervision” strategy, the local government adopted the
“passive governance” strategy with higher returns than with the
“active governance” strategy, so the local government chose the
the
government adopts the “lax supervision” strategy because it

“negative  governance” strategy. However, central
can still obtain the environmental benefits. Figure 5B clearly
shows the evolution time and reaction speed of the strategies of
the three gameplayers in this scenario. As shown in Figure 5B,
local governments have the fastest convergence speed, whereas
farmers have a slowest convergence speed. Initially, some farmers
adopt the “no cooperation” strategy, but under government rules,
they finally adopt the “cooperation” strategy based on the

comparison of interests.

4.5 Scenario 5

The initial values of x, y, and z were taken in steps of
0.2 from 0.1 to 0.9. The phase diagram of the system evolution is
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shown in Figure 6A, where the initial values of x, y, and zare 0.2.
The strategy evolution results of the three-game players are
shown in Figure 6B, where the system has the unique
equilibrium point of (1,0,1), and the simulation results are
consistent with the theoretical derivation results. As can be
seen from Figure 6A, when x, y, and z take different values, x
and z converge to 0 and y converges to 1, that is, local
governments adopt the strategy of “passive governance,”
farmers adopt the strategy of “cooperation,” and the central
government adopts the strategy of “strict supervision.” The
“strict supervision” strategy adopted by the central government
can control the behavior of local governments, prevent the
misappropriation of central financial subsidy funds, and punish
the local governments for their inaction. Although the local
governments do not adopt the “active governance” strategy, in
this case, the “passive governance” strategy adopted by the local
government also produces results, indicating that the strategy of
the local government with this scenario could achieve
governance goals. For the local government, although the
local governments will be penalized by central government
for their adoption of the “passive governance” strategy, the
farmers can still take the initiative to adopt clean heating. After
combining the two factors, the local government adopts the
“passive governance” strategy to gain more benefits than with
the “active governance” strategy. Figure 6B clearly shows the
evolution time and reaction speed of the strategies of the three
gameplayers in this scenario. As shown in Figure 6B, the
convergence rate of farmers is relatively slow, whereas that
of local governments is the fastest. Initially, the farmers remain

«

in a wait-and-see state. When they are adopt the “no
cooperation” strategy, they face severe punishment. As a

result, the costs of the “no cooperation” strategy increase, so
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FIGURE 6

Simulation results of Scenario 5 evolution. (A) The three-dimensional phase diagram, which can show the evolution situation more clearly, and
(B) The two-dimensional diagram, which can show the sensitivity of the game subject to the income more clearly.
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FIGURE 7

Simulation results of scenario 6 evolution. (A) The three-dimensional phase diagram, which can show the evolution situation more clearly, and
(B) The two-dimensional diagram, which can show the sensitivity of the game subject to the income more clearly.
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over time, the farmers eventually adopt the “cooperation”
strategy.

4.6 Scenario 6

The initial values of x, y, and z were taken in steps of
0.2 from 0.1 to 0.9. The phase diagram of the system evolution is
shown in Figure 7A, where the initial values of x, y, and zare 0.2,
and the strategy evolution results of the three-game players are
shown in Figure 7B, where the system has the unique
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equilibrium point of (1,1,0), and the simulation results are
consistent with the theoretical derivation results. As can be
seen from Figure 7A, when x, y, and z take different values, x
and y converge to 1 and z converges to 0; that is, the farmers
adopt the “cooperation” strategy, local governments adopt the
“active governance” strategy, and the central government
adopts the “lax supervision” strategy. In this scenario,
farmers can obtain the indoor environment benefits, and
both the local and central governments can obtain the
atmospheric environment benefits, realizing the goal of
atmospheric governance and reducing the burden on the
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Simulation results of Scenario 7 evolution. (A) The three-dimensional phase diagram, which can show the evolution situation more clearly, and
(B) The two-dimensional diagram, which can show the sensitivity of the game subject to the income more clearly.

farmers. In this case, without the central government’s need to
adopt the “strict supervision” strategy, the local government
can adopt the “active governance” strategy to subsidize the
farmers. At the same time, the central government adopts the
“lax supervision” strategy to save some of the financial funds,
and the system reaches the optimal state. Figure 7B clearly
shows the evolution time and reaction speed of the strategies of
the three gameplayers in this scenario. As shown in Figure 7B,
local governments converge to 1 first, whereas the farmers
converge at the slowest rate. The farmers initially remain in
a wait-and-see state, but with the active efforts of the local
government, the farmers are penalized, which increases the
return for the farmers adopting the “cooperation” strategy.
Over time, the farmers eventually evolve to adopt the
“cooperation” strategy.

4.7 Scenario 7

The initial values of x, y, and z were taken in steps of 0.2, from
0.1 to 0.9. The phase diagram of the system evolution is shown in
Figure 8A, where the initial values of x, y, and z are 0.2. The
strategy evolution results of the three-game players are shown in
Figure 8B, where the system has the unique equilibrium point of
(1,1,1), and the simulation results are consistent with the
theoretical derivation results. As can be seen from Figure 8A,
when x, y, and z take different values, they eventually converge to
1; that is, farmers adopt the “cooperation” strategy, local
governments adopt the “active governance” strategy, and the
central government adopts the “strict supervision” strategy. For
this scenario, with the joint efforts of the two levels of
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government, farmers adopt the clean heating methods to
achieve the goal of environmental governance. When local
governments adopt the “negative governance” strategy, they
will face severe punishment from the central government,
which makes the cost of the “negative governance” strategy
than with the
Therefore, local governments adopt the “positive governance”

higher “positive  governance”  strategy.
strategy under the pressure of central government supervision.
When the central government adopts the strategy of “active
supervision,” the subsidies from the central government
cannot be implemented in place. However, the strategy of “lax
supervision” may prevent the policy from being implemented.
Therefore, the central government finally adopts the strategy of
“strict supervision.” Figure 8B clearly shows the evolution time
and reaction speed of the strategies of the three gameplayers in
this scenario. As shown in Figure 8B, the convergence rate of
farmers is higher than that of local governments with the joint
participation of the two levels of government, indicating that the
joint efforts of the two levels of government have a positive effect

on farmers.

5 Parameter sensitivity analysis

To illustrate the effect of each parameter on the strategy of
the game players more specifically, this section discusses the
effects of the parameter changes on the game players’ strategy.
Scenario 6 (1,1,0) is the optimal strategy and achieves the
governance goal of clean heating. Therefore, in this section,
we use the simulation parameters of Scenario 6 as the initial
values and conduct numerical simulations to investigate the
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influence of each parameter change on the evolution of the

tripartite strategy.

5.1 The effect of local government
enforcement on the strategy evolution of

game parties

To explore the influence of the local government
enforcement on the system evolution, the other parameters
remained unchanged, and « was set to 0.1, 0.3, 0.5, and 0.7.
The influence of « on the three-party strategy evolution is shown
in Figure 9. Figure 9A demonstrates the impact of the local
government execution on the farmers’ strategies. It can be seen

10.3389/fenvs.2022.988353

from the figure that with the improvement in the local

government execution, farmers gradually choose the
“cooperation” strategy, and the convergence time becomes
increasingly ~shorter. This is because with increased

enforcement, farmers are more likely to be punished by the
local governments, which increases the cost of the “no
cooperation” strategy adopted by farmers. Figure 9B shows the
effects of the local governments’ enforcement strategy, indicating
that with improved enforcement, the local government adopts a
strategy of “active governance.” This result is because, with the
improved supervision of the farmers, although the implementation
costs increase, it gradually improves the execution of the gain,
Therefore, the local government finally evolves to adopt the
strategy of “active governance.” Figure 9C shows the impact of
local government enforcement on the central government’s
strategy. It can be seen from the figure that with the
improvement in the local governments’ enforcement, the
probability of the adopting  “strict
supervision” gradually decreases. This is because farmers can
adopt clean heating under different enforcement efforts of local

central  government
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governments. The central government can gain higher returns by

adopting the strategy of “lax supervision.”

5.2 The effect of the central government
inspection strength on the strategy
evolution of game parties

To explore the influence of the central government supervision
on the evolution of the system, the other parameters remained
unchanged, and the values of 8 were 0.1, 0.3, 0.5, and 0.7,
respectively. The results for the influence of 3 on the evolution of
the three-party strategy are shown in Figure 10. Figure 10A
demonstrates the influence of the intensity of the central
government’s supervision on farmers’ strategies. As indicated in
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the figure, the different supervision intensities of the central
government has little impact on the farmers and the evolution
time of the farmers™ strategy, with the farmers always adopting
the “cooperation” strategy. This is because the central government
does not directly supervise the farmers but acts on the farmers via the
local governments. When the local government adopts the “active
governance” strategy, farmers can obtain the subsidy funds of the two
levels of government, so the central government’s “strict supervision”
strategy has less impact on the farmers. Figure 10B shows the
influence of the intensity of the central government’s supervision
on the local government strategies. Under different supervision
intensities of the central government, the local governments can
adopt the strategy of “active governance.” However, the influence on
the time of convergence is minimal, because the local governments
can obtain higher environmental benefits when they adopt the
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strategy of “active governance.” Figure 10C shows the influence of the
central government’s supervision intensity on its own strategy. Under
the different intensities of supervision, the central government always
maintains the strategy of “lax supervision,” but with considerable
impacts. The higher the intensity of supervision, the longer the
convergence time. Local governments can actively implement the
central government orders and achieve the goals of environmental
governance. The higher the central government’s supervision
intensity, the higher the cost; however, the benefits are not
evident. The lower the supervision intensity, the shorter the
convergence time.

5.3 The effect of A on the strategy
evolution of the game parties

To explore the influence of the local government
enforcement on the system evolution, the other parameters

Frontiers in Environmental Science

remained unchanged, and A was set to 40, 45, 50, and 55,
respectively. The impacts of A on the three-party strategy
evolution are shown in Figure 11. Figure 11A illustrates the
influence of A on the farmers’ strategies. As can be seen from the
figure, farmers are especially sensitive to the change in A, and
with the increase in A, farmers gradually change from the
“cooperation” strategy to the “no cooperation” strategy. This
indicates that when the costs are too high, farmers are unwilling
to adopt clean heating to benefit the indoor environment. With
the higher costs, if the government forces farmers to change the
method of heating through compulsory measures, it will increase
the farmer’s cost of living. Therefore, the government should
consider the income levels of the farmers when promoting clean
policies and choose clean heating methods suitable for the local
income levels. The influence of A on the evolution strategy of
local governments is shown in Figure 11B, and that of the central
government is shown in Figure 11C. As can be seen from the
figure, under the condition that the original subsidy intensity

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.988353

Liu et al.

10.3389/fenvs.2022.988353

A 1 T T T T m—— B 1.1 T T I
" A,=0.1 A,=0.1
09°F P 1 |
ol - = =A=02 - = =502
/
0.8 r e A=0.3 |4 A,=0.3
/ ]
2 P DI /2 e— 2,204
0.7 r Fd o
// ]
> 061 /7 h >
= / = 1
3 / 3
T 05F / 8
4 / : ]
04+ / 1
/I, =
03+ '/’ |
/’/ g
y |
0.2 //
R "/‘ o
01+ Qs
O . . L
0 04 0.6 0.8 1
t t
C o2
-, A1=0.1
0.051 ‘.\ - o oa=02
N,
027, o “ 2,703
3 %l [ 2204
i \‘ 1
“ oo0aa| \
\ A
Z 015 X 0226 023 0234 0238
=
@
=1
[
= 01
0.05
0 o =
0 01 0.2 0.3 0.4 05 086 0.7 0.8 0.9 |
t
FIGURE 12

Effect of \; on the evolution of the system. (A) Effect of \; on farmer’s strategy, (B) Effect of A\; on the local government'’s strategy, (C) Effect of A,
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remains unchanged, the change in A has no significant influence

on the strategies of the local and central governments. However,

with the increase in the cost of clean heating methods, the length

of time for the strategy evolution on both sides changed slightly.

The rising cost of clean heating shortens the evolution time of the

local government strategies and prolongs that of the central

government.

5.4 The effect of \; on the strategy
evolution of the game parties

To explore the influence of local government enforcement on

system evolution, the other parameters remained unchanged, and \,
was set to 0.1, 0.2, 0.3, and 0.4. The influence of A\; on three-party
strategy evolution is shown in Figure 12. Figure 12A demonstrates

the influence of the central government’s subsidy intensity on the

farmers’ strategies, with a substantial effect on the farmers. The
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farmers gradually evolve from the “no cooperation” strategy to the
“cooperation” strategy, and the larger the subsidy intensity, the
shorter the evolution time for the farmers. Figure 12B shows the
influence of the central government subsidies on the local
government strategies, which is also evident. With the increase in
subsidies, the evolution time for local governments to adopt the
“active governance” strategy becomes increasingly shorter.
Figure 12C shows the influence of the central government’s
subsidy intensity on its own strategy, indicating that there is no
significant influence, but the different subsidy intensities change the

evolution time of its strategy slightly.

5.5 The effect of \, on the strategy
evolution of the game parties

To explore the influence of local government enforcement on
system evolution, the other parameters remained unchanged,
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and \, was set to 0.1, 0.2, 0.3, and 0.4. The influence of A, on the
three-party strategy evolution is shown in Figure 13. Figure 13A
illustrates the impact of the intensity of local government
subsidies on farmers’ strategies, indicating a substantial
impact. Farmers gradually evolve from the “no cooperation”
strategy to the “cooperation” strategy, and the greater the subsidy
intensity, the shorter the time for for this evolution. Figure 13B
shows the influence of subsidy intensity on the local government
strategies. With an increase in the local government subsidy
intensity, the local government strategies gradually fluctuate. A
possible reason is that, with the increase in local government
investments, the local governments no longer gain significant
income, so they are unwilling to continue to increase their
investment, resulting in the shift from “active governance” to
an unstable state. Figure 13C shows the influence of local
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government subsidies on the central government’s strategy. It
can be seen from the figure that with an increase in the local
government subsidies, the time for the central government to
adopt the “lax supervision” strategy is gradually shortened. This
is because local governments actively carry out environmental
governance, and the central government can obtain the
environmental benefits by adopting the “lax supervision”
strategy.

5.6 The effect of Rz on the strategy
evolution of the game parties

R; is related to the individual perceptions of farmers and is
greatly influenced by farmers’ subjective perceptions. Different
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farmers have different requirements for indoor environments
and perceive different benefits. Those who have higher
requirements for indoor environments have a higher
perception of Rj; therefore, it is of great significance to
explore the influence of R; on the strategies of the game
subjects. For this simulation, the other parameters remained
unchanged, and R; was set to 0.1, 0.2, 0.3, and 0.4. The influence
of R; on the three-party strategy evolution is shown in Figure 14.
Figure 14A demonstrates the impact of the indoor environmental
benefits on the farmers’ strategies. It can be seen from the figure
that the impact is substantial. With the increase in the indoor
environmental benefits, farmers gradually evolve from the “non-
cooperation” strategy to the “cooperation” strategy, and the
evolution time is reduced. Figures 14B,C illustrate the impact
of the perceived indoor environmental benefits on the local

government and central government strategies, respectively. It

Frontiers in Environmental Science

20

can be seen from the figure that the impact of the perceived
indoor environmental benefits on the two levels of government is
relatively weak. Using a low perception of indoor environment
benefits, the impact on the farmers’ strategies were explored by
changing the penalties to the F values of 8,10,12, and 14. The
evolution of the farmers’ strategies is shown in Figure 14D. By
increasing the penalty for burning coal for heating, farmers can
be encouraged to evolve to the “cooperation” strategy.

6 Conclusion

Northern China is rich in coal resources, and the rural areas
in the north mainly rely on coal burning for heating, which not
only seriously damages the atmospheric environment, but also
affects human health. Therefore, the Chinese government has
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taken measures to solve these issues. Although the government
has made some achievements in governance, this task remains
difficult, and the problem of farmers using coal for heating is still
common. This study constructs an evolutionary game model of
the central government, local government, and farmers,
systematically deduces the possible combinations of different
strategies of the three parties, and conducts simulations to
analyze the different situations. Finally, the influence of the
relevant parameters on the evolution of the three strategies is
analyzed under the following scenarios: the central government
adopting the “lax supervision” strategy, the local government
adopting the “active governance” strategy, and the farmers
adopting the “cooperation” strategy.

The contributions of this study are as follows. 1) There is a
lack of existing studies discussing the clean heating governance of
rural households from the perspective of evolutionary game
theory. This paper
evolutionary game model of clean heating in rural areas,

introduces constructs a three-party
which can provide a reference for the decision-making of
central and local governments. 2) Through a numerical
simulation of the different possible evolutions of the system,
different possible scenarios were analyzed, and the optimal
situation and conditions were obtained through analysis. 3) In
the optimal case, the influence of central government
supervision, local government governance, two levels of
government subsidies, farmers’ indoor environmental benefits,
and clean heating costs exceeding coal heating costs on the
strategic evolution of the three game players is discussed.

This research obtained the following conclusions: 1) The
optimal strategy consists of the central government utilizing the
“lax supervision” strategy, the local government adopting the
“positive governance” strategy, and farmers adopting the
“cooperation” strategy. 2) The supervision of the central
government has no obvious impact on the farmers, but has a
significant impact on the local governments, which can shorten
the evolution time of the local government strategies. The
governance strength of the local government has a significant
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